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Abstract 
 
With recent advances in dynamic scanning probe microscopy techniques, it is now a routine to image the 
sub-molecular structure of molecules with atomically-engineered tips which are prepared via controlled 
modification of the tip termination and are chemically well-defined. The enhanced spatial resolution is 
possible as atomically-engineered tips can preserve their integrity in the repulsive interaction regime. 
Although the mechanism of improved spatial resolution has been investigated both experimentally and 
theoretically, the ultimate temporal resolution while preserving picometer scale spatial resolution still 
remains an open question. Here, we computationally analyze the temporal resolution of atomic force 
microscopy imaging with atomically-engineered tips. Our computational results reveal that non-metal 
terminated tips, e.g. oxygen-terminated copper, are well-suited for enhanced temporal resolution up to 
video rate imaging velocities while preserving picometer range spatial resolution. Contrarily, the highest-
attainable spatial resolution of atomically-engineered tips with low-stiffness, e.g. CO-terminated, 
deteriorate with increasing imaging velocity. Our results reveal that when atomically-engineered tips 
terminated with molecules are in use, imaging velocities in the order of nanometers per second at most are 
inevitable even for atomically flat surfaces to retain atomic resolution and avoid slip-stick motion. In 
addition to shedding light on the temporal resolution of atomic force microscopy imaging with 
atomically-engineered tips, our numerical results provide an outlook to the scalability of atom-by-atom 
fabrication using scanning probe microscopy techniques. 
 
Introduction 
 
Dynamic atomic force microscopy (AFM) is an analytical surface characterization tool where a sharp 
probe tip is mounted to the end of an oscillating probe and serves as a sensing element to disclose surface 
properties with picometer and pico-Newton resolution [1-3]. In recent years, imaging the sub-molecular 
structure of molecules became popular with the advent of AFM and related techniques [4, 5]. The 
termination of the tip apex is modified on purpose, i.e. atomically engineered, either by picking up a 
molecule or a chemically identified atom [4-9]. One of the most widespread ways to engineer the tip apex 
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is to pick a CO molecule while imaging with other molecules has been demonstrated [4, 6, 7]. Also, non-
metal terminated tips such as oxygen, chlorine, or bromine terminated tips are alternative to tips 
terminated with molecules [5, 8, 9]. Due to their inert nature, atomically-engineered tips can preserve 
their integrity even in the repulsive tip-sample interaction regime [4, 5]. To understand a material’s 
properties as a function of both their structural and chemical environment as well as its responses to 
external stimulations in ambient or liquid environments, video-rate AFM has been developed but is 
currently limited to a lateral resolution of the order of ≈10 nm [10-12]. In contrast, spatial characterization 
at atomic length scales is common practice under ultra-high vacuum conditions; however, video-rate 
imaging is achieved only in scanning tunneling microscopy mode and thus restricted to electronic 
properties [13]. In this manuscript, we computationally explore the prospects of video rate AFM imaging 
with atomically-engineered tips, while preserving picometer range spatial resolution.  
Our numerical results reveal that the temporal resolution depends on the tip-sample interaction 
kinetics which is dictated by the tip termination, tip-sample interaction force, and imaging velocity. The 
structural deformation of the tip-apex, i.e. the closest atom to the surface, upsurges with increasing 
imaging speeds and with decreasing stiffness of the tip apex. Our computational results disclose that non-
metal terminated tips such as oxygen-terminated copper tips are in principle can display temporal 
resolution up to video rate imaging velocities, while preserving picometer range spatial resolution. 
However, tips with lower stiffness such as molecule-terminated tips are obliged to slower imaging 
velocities that result in orders of magnitude longer image acquisition times. In addition to systematically 
examining the limits of temporal resolution in high-resolution AFM imaging with atomically-engineered 
tips, our numerical analysis also provides an outlook of the scalability of atom-by-atom fabrication with 
the dynamic scanning probe techniques and possible pathways for enhanced capability.  
 
Computational Methods 
We used the pioneering work of Prandtl and Tomlinson (PT) to explain the interaction of atomically sharp 
probe tip with the surface [14-24]. The two-dimensional Prandtl-Tomlinson model has been implemented 
successfully to elucidate the interaction of atomically sharp probe tip with flat surfaces, atomic steps, and 
alkali halide surfaces, and the most recently to reveal the effect of surface disorder, load, and sliding 
velocity on friction at small length scales [15, 20, 25-28]. Also, the interaction of a single molecule 
attached to the end of a probe tip can be explained with two-dimensional PT model [7, 14]. In this journal 
article, we apply the two-dimensional PT model to investigate the tip-sample interaction kinetics. As 
Figure 1 summarizes, the change in the tip termination induces a change in the stiffness of the tip-apex of 
an atomically-engineered tip which ultimately changes the tip-sample interaction kinetics and dictates the 
limits of spatial and temporal resolution of AFM imaging. 
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 To disclose the tip-sample interaction kinetics of atomically-engineered tips, the first step is to 
model the local tip-sample interaction. We used 6-12 Lenard-Jones interaction potential for our 
calculations [29]: 𝑈"#$ = 4ϵ[(σ/𝑟)./ − (σ/𝑟)1]      (1) 
In equation 1, r denotes the distance between the centers of two atoms, ϵ is the depth of potential well and σ is the distance at which the potential well vanishes (σ = 𝑑 1.12⁄ , where d is the hard sphere diameter of 
the atom).  We implemented the periodic boundary conditions along lateral directions to a simulation cell 
with a cross-section of 33×33 atoms and a 5-atom thick. The fast scan direction is along <110> direction 
of the simple cubic lattice [30]. We used typical parameters for metal atoms (ϵ = 415 meV, d = 2.6 Å, 
Ref. [31])  
 The next step is to model the probe tip. As Figure 1 shows, the atomically sharp scanned probe is 
modeled as a single atom that is connected to the macroscopic body of the probe tip with an elastic spring 
(𝑐9,	𝑐;,	𝑐< spring constants along x,y, and z directions). The stiffness of the spring change with the 
termination of the atomically-engineered tip and is different than the cantilevers used in scanning probe 
microscopy experiments [7, 15, 26, 32].  
 
		
Figure 1: The summary of computational methods. We used two-dimensional Prandtl-Tomlinson model to 
investigate the kinetic interaction of the atomically-sharp probe tip with the surface as a function of tip stiffness, 
normal load, and imaging velocity.	The tip apex is connected to the microscope body, M, with an elastic spring 
constant of c (x, y, z). The body of the microscope moves along fast scan direction with the velocity vM. The position 
of the tip apex (xt, yt, zt) during the relative motion is determined by the tip-sample interaction kinetics. The tip-
sample potential, U, is the energy landscape that the tip interacts with the surface.  
 
 We calculated the potential energy landscape in the vacuum up to 6.5 Ångströms with respect to 
the lattice position of the top layer with 2.5 picometer steps for an area of 2.6 nm × 2.6 nm in the center of 
the calculation slab. The distance between the tip and the sample is modulated to keep the force constant 
in most scanning probe microscopy experiments [2, 3]. The vertical position of the tip can be expressed 
as: 𝑐<=𝑧? − 𝑧@,BCDEEEFEEEGHIJKLMN@OM@ = PQRSTP<T U9T,;T        (2) 
In equation 2, 𝑧? is the position of the macroscopic body of the tip along the vertical direction. The stable 
position of the single-atom asperity along z-direction, 𝑧@,B, for a fixed lateral coordinate (𝑥@ ,	𝑦@) is 
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calculated by equating the force acting on the spring-mass system along vertical direction, 𝐹< (the left-
hand side of Equation 2), to the vertical component of the tip-sample interaction force for the fixed lateral 
coordinate (the right-hand side), which is calculated as the negative gradient of the total tip-sample 
interaction potential, 𝑈YM@ .  The vertical height profile, the surface topography, is calculated for an area of 
2.6 nm × 2.6 nm in the center of the calculation slab. With the calculation of equilibrium position of the 
apex atom along the z-direction, the three-dimensional tip-sample interaction potential can be reduced to a 
two-dimensional interaction potential. The following two-dimensional system of coupled second-order 
differential equations is solved to calculate the motion of the atomically sharp tip along lateral directions 
(x and y directions): 𝑚9𝑥@̈ = 𝑐9=𝑥? − 𝑥@,BC −	𝜕𝑈(𝑥@, 𝑦@)𝜕𝑥@ − 𝛾9?̇?@ 
            (3) 𝑚;𝑦@̈ = 𝑐;=𝑦? − 𝑦@,BC −	𝜕𝑈(𝑥@, 𝑦@)𝜕𝑦@ − 𝛾;?̇?@ 
Equation 3 is solved by using ode45 function in MATLAB and restricted the relative error of the 
numerical solution to 10-10 [33]. In equation 3, 𝑚9 and 𝑚;, 10-8 kg, are effective masses of the system 
[20, 25]. Coordinates of the tip-apex along lateral directions are expressed as 𝑥@  and 𝑦@ , and time 
derivatives of lateral positions present velocity (?̇?@,	?̇?@) and acceleration (𝑥@̈,	𝑦@̈) of the atomically sharp 
probe tip. Negative gradient of tip-sample interaction potential (U), gives the lateral force components of 
the interaction potential [34].  
When the tip traces the surface, the kinetic energy [35] of the tip will be dissipated [22, 36-38]. 
Different mechanisms such as electronic [36, 37, 39-42], electromagnetic [43], van der Walls friction [44, 
45], and phononic [46-49] have been proposed for the energy dissipation due to kinetic tip-sample 
interaction. We included the effect of energy dissipation due to the motion of the tip with the damping 
coefficient term, γ, in equation 3. Figure 2 summarizes numerical solution of equation 3 in for average 
slip length as a function of the damping coefficient. As Figure 2 discloses, under the critical damping 
condition (2√𝑐 ×𝑀, c and M are spring constant and effective mass of the system), the average 
deformation is at the order of the unperturbed lattice constant (2.6 Å) of the model system. Tip 
oscillations are evident for the under-damped case. For the strongly over-damped case, however, the tip 
sticks to a lattice site before slipping multiple lattice constants, i.e. the intrinsic contribution of the surface 
to the motion of the tip disappears. We used the critical damping coefficient in our calculations to 
eliminate tip oscillations and preserve contributions of the sample to the motion of the tip with our choice 
of damping coefficient.  
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Figure 2: The choice of damping coefficient, γ, to model the kinetic energy dissipation of the tip due to interaction 
with the surface. When the system is under-damped, strong tip oscillations are induced while the contribution of the 
surface is diminished for the over-damped case. For these reasons, we used critical damping condition to eliminate 
the tip oscillations while preserving the effect of the surface on the kinetic tip-sample interaction. We solved 
equation 3 for a model tip with the stiffness of 10 N/m and the effective mass, M, equal to 10-8 kg for a normal load 
of 0.25 nN and a sliding velocity of 1,000 nm/s for calculations presented in Figure 2. 
 
Depending on the kinetic tip-sample interaction, the tip apex can either follow the minimum 
energy path or slip-stick motion may be evident which impedes tracing the minimum energy trajectory 
and results in large structural deformations of the tip apex [27]. For this reason, the deformation length of 
the apex can be used as a caliber to quantify the kinetic tip-sample interaction between the tip and the 
sample. The total perturbation of the spring system from its equilibrium position, i.e. the deformation 
length, is calculated by subtracting the position of the tip apex (𝑥@,	𝑦@) from the unperturbed position of 
the macroscopic body of the microscope (𝑥?,	𝑦?). At the end of the scan frame, 𝑦? is changed and a new 
line is calculated. To simulate the movement of the scanning force microscopy experiments, the tip starts 
with zero velocity at the left border of the scan area (?̇?@= 0, 𝑦@ = 0) with relaxed springs (𝑥?= 0,	𝑦?= 0). 
The transient part of the solution disappears within the first 5-6 Ångströms for initial conditions defined 
for our calculations (1 nm/s ≤ ?̇?? ≤ 10,000 nm/s). We excluded the transient part of the solution in our 
statistical analyses. 
 
Results and Discussions 
 
We calculated the root-mean-square of the deformation length of the atomically sharp tip as a function of 
imaging velocity, the tip stiffness, and normal load for an area of 2.6 nm × 2.6 nm at the center of the 
calculation slab. As Figure 3 reveals, three distinct regions can be identified. In region I, the deformation 
length of the atomically sharp probe is less than 0.1 pm, which is significantly smaller than the highest 
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spatial resolution that can be achieved with scanning probe techniques [34]. As highlighted in region I, 
the imaging velocity is less than a few hundred nanometers per second for atomically sharp tips with 
stiffness values that are in the order of hundreds of nano-Newtons per meter. Although the atomically-
sharp probe tip sustains its integrity with sub-picometer deformation in region I, the spatial resolution is 
constraint due to instrumental limitations such as readout noise, mechanical stability [50]. In region II, the 
spatial resolution is also preserved for high-resolution imaging. The deformation length of the tip apex is 
between 0.1 pm to 10.0 pm which fits in the range of atomic-resolution images, and video rate imaging 
velocities for atomic resolution images (1,000 nm/s, roughly 400 lines per/second) are attainable. 
Contrarily in region III, the tip reveals deformations comparable to the lattice constant and the slip-stick 
motion is evident. Also, the slip length inflates with decreasing tip stiffness and slow imaging velocities 
in the order of sub-nanometer per second are inevitable to preserve the spatial resolution.  
 
	
Figure 3: The root-mean-square of the deformation length of atomically sharp tip as a function of imaging velocity 
and tip stiffness. Three distinct regions are evident. The spatial resolution is restraint due to instrumental limitations 
in region I in which the deformation length is less than 0.1 picometer. In region II, stiffness of the atomically sharp 
tip is in the order of tens of nano-Newtons and picometer range spatial resolution is preserved up to video rate 
imaging velocities for nanometer size scans. The slip length limits the spatial resolution in region III, i.e. slow 
imaging speeds are inevitable with the upsurge of the deformation length. The total vertical force acting on the tip is 
200 pico-Newton for calculations presented in Figure 3. 
 
To elucidate the kinetic interaction of the atomically sharp probe tip and the surface, we 
investigated the deformation length as a function of normal load, tip stiffness, and the imaging velocity. 
As Figure 4 reveals, we first explored the interaction of a tip with 5 N/m stiffness, which is a comparable 
to atomically-engineered tips with molecules [6, 7]. As Figure 4 a and b reveal, the interaction of the 
atomically sharp tip displays slip-stick motion (for details see inset in Figure 4a) which is consistent with 
the experiments conducted with atomically engineered tips terminated with molecules [7]. Also, Figure 4c 
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displays, multiple slip-stick events are evident with increasing load for imaging speeds in the order of 
1,000 nm/s. Besides, we examined the kinetic tip-sample interaction of a tip with 50 N/m which has a 
similar the stiffness of an oxygen-terminated copper tip [5, 9]. As highlighted by figure 4 d-f, slip-stick 
events are not evident for the stiffer tip (for details see inset in Figure 4d). Even though the deformation 
length increases with the load, the root-mean-square of the deformation length is in the order of 10 
picometers even for repulsive forces acting on the tip and the smooth tip motion is preserved with the 
absence of slip-stick motion.  
 
 
Figure 4: Calculation of the deformation length as a function of tip stiffness, normal load, and imaging velocity for 
two different tip stiffness. (a-c) The stiffness values that are comparable to the stiffness of a molecule-terminated tip 
discloses slip-stick motion (e.g. profile of the dashed line as the inset in a), which is consistent with experimental 
results. With increasing stiffness (d-f), e.g. oxygen-terminated copper tip, the slip-stick motion is eliminated, e.g. 
profile of the dashed line as the inset in (d). White arrows show the center of surface atoms (a-f). 
 
Imaging velocities in the order of sub-nanometer per second are inevitable to achieve picometer 
spatial resolution ‘soft’ atomically-engineered tips, i.e. tips terminated with a molecule. Otherwise, the 
spatial resolution attenuates due to slip-stick motion. As our numerical results demonstrate that with 
increasing imaging velocity, ‘stiffer’ atomically-engineered (e.g. oxygen-terminated copper) tips favors 
preservation of the spatial resolution. As the slip-stick motion is eliminated with stiff atomically-
engineered tips, the atomically sharp tip can follow the lowest energy path [27]. For this reason, it is 
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important to note that the tip deforms along both lateral directions. The deformation of the tip-apex along 
the slow-scan axis, i.e. the direction perpendicular to vM, may alter the interpretation of multi-dimensional 
force measurements or measured forces [51] and measured energy barriers of manipulation experiments 
[52].  
Our computational analysis does not take into account the additional noise sources and limitations 
of measurement electronics which may further scale down the maximum attainable imaging velocities. 
Also, the deformation of the surface or structures imaged (e.g. molecules), can constraint imaging 
velocity.  Although we use a simple model, our results reveal that the imaging chemical reactions in real 
time with conventional atomic force microscopy imaging have challenges with the available set of 
atomically-engineered tips and due to instrumental constraints. Also, our results disclose that scaling 
atom-by-atom fabrication with atomically engineered tips has limitations if the atomic structure of the 
scanning probe is important.  
 
Summary 
 
We conducted numerical analysis to investigate the kinetics of tip-sample interaction of atomically-
engineered tips to reveal the limits of temporal resolution while preserving picometer range spatial 
resolution by using two-dimensional Prandtl-Tomlinson model. Our numerical results disclose that the 
maximum temporal resolution of AFM imaging with atomically-engineered tips is dictated by the 
stiffness of the tip apex. The structural deformation of the apex inflates with decreasing stiffness of the tip 
and increasing imaging speed and normal load. Our calculations show that ‘stiff’ atomically-engineered 
tips such as oxygen-terminated copper tips can withstand video rate imaging velocities for atomic-
resolution images. Contrarily, tips with lower stiffness, e.g. molecule-terminated tips, are confined to 
slower imaging velocities in the order of nanometers per second at most to preserve picometer-range 
spatial resolution. Besides, our results highlight that the scalability of atom-by-atom fabrication with the 
dynamic probe techniques has major challenges, if the atomic structure of the probe is important. 	
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